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Chapter 5
High-Voltage System

5-1. Definition

The high-voltage system as treated in this chapter includes
all equipment and conductors that carry current at trans-
mission line-voltage, with their insulators, supports,
switching equipment, and protective devices. The system
begins with the high-voltage terminals of the step-up
power transformers and extends to the point where trans-
mission lines are attached to the switchyard structure.
High-voltage systems include those systems operating at
69 kV and above, although 34.5-kV and 46-kV systems
that are subtransmission-voltage systems are also covered
in this chapter. Transmission line corridors from the
powerhouse to the switchyard should allow adequate
clearance for maintenance equipment access, and clear
working space. Working clearances shall be in accor-
dance with the applicable sections of ANSI C2, Part 2.

5-2. Switchyard

a. Space around the switchyard. Adequate space
should be allowed to provide for extension of the switch-
yard facilities when generating units or transmission lines
are added in the future. The immediate surroundings
should permit the building of lines to the switchyard area
from at least one direction without the need for heavy
dead-end structures in the yard.

b. Switchyard location. Subject to these criteria, the
switchyard should be sited as near to the powerhouse as
space permits, in order to minimize the length of control
circuits and power feeders and also to enable use of ser-
vice facilities located in the powerhouse.

c. Switchyard fencing. A chain link woven wire
fence not less than 7 ft high and topped with three strands
of barbed wire slanting outward at a 45-deg angle, or con-
certina wire, with lockable gates, should be provided to
enclose the entire yard. Other security considerations are
discussed in EM 1110-2-3001.

5-3. Switching Scheme

The type of high-voltage switching scheme should be
selected after a careful study of the flexibility and protec-
tion needed in the station for the initial installation, and
also when the station is developed to its probable maxi-
mum capacity. A detailed discussion of the advantages

and disadvantages of various high-voltage switching
schemes is included in this chapter.

a. Minimum requirements. The initial installation
may require only the connecting of a single transformer
bank to a single transmission line. In this case, one cir-
cuit breaker, one set of disconnects with grounding
blades, and one bypass disconnecting switch should be
adequate. The high-voltage circuit breaker may even be
omitted under some conditions. The receiving utility
generally establishes the system criteria that will dictate
the need for a high side breaker.

b. Bus structure. When another powerhouse unit or
transmission line is added, some form of bus structure
will be required. The original bus structure should be
designed with the possibility of becoming a part of the
ultimate arrangement. Better known arrangements are the
main and transfer bus scheme, the ring bus scheme, the
breaker-and-a-half scheme, and the double bus-double
breaker scheme.

c. Main and transfer bus scheme.

(1) The main and transfer bus scheme, Figure 5a,
consists of two independent buses, one of which is nor-
mally energized. Under normal conditions, all circuits are
tied to the main bus. The transfer bus is used to provide
service through the transfer bus tie breaker when it
becomes necessary to remove a breaker from service.

(2) Advantages of the main and transfer bus arrange-
ment include:

(a) Continuity of service and protection during brea-
ker maintenance.

(b) Ease of expansion.

(c) Small land area requirements.

(d) Low cost.

(3) Disadvantages include:

(a) Breaker failure or bus fault causes the loss of the
entire station.

(b) Bus tie breaker must have protection schemes to
be able to substitute for all line breakers.

(c) An additional tie breaker is required.
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Figure 5-1. Switchyard bus arrangements

d. Ring bus scheme.

(1) The ring bus, Figure 5-1b, consists of a loop of
bus work with each bus section separated by a breaker.
Only limited bus sections and circuits can be removed
from service in the event of a line or bus fault. A line
fault results in the loss of the breakers on each side of the
line, while a breaker failure will result in the removal of
two bus sections from service. The ring bus arrangement
allows for circuit breaker maintenance without interrup-
tion of service to any circuit.

(2) The advantages of the ring bus scheme include:

(a) Low cost (one breaker per line section).

(b) High reliability and operational flexibility.

(c) Continuity of service during breaker and bus
maintenance.

(d) Double feed to each circuit.

(e) Expandable to breaker-and-a-half scheme.

(3) Disadvantages include:

(a) Each circuit must have its own potential source.

(b) Usually limited to four circuits.

e. Breaker-and-a-half scheme.

(1) The breaker-and-a-half arrangement, Figure 5-1c,
provides for two main buses, both normally energized.
Between the buses are three circuit breakers and two
circuits. This arrangement allows for breaker mainte-
nance without interruption of service. A fault on either
bus will cause no circuit interruption. A breaker failure
results in the loss of two circuits if a common breaker
fails and only one circuit if an outside breaker fails.

(2) The advantages of the breaker-and-a-half scheme
include:

(a) High reliability and operational flexibility.

(b) Capability of isolating any circuit breaker or
either main bus for maintenance without service
interruption.

(c) A bus fault does not interrupt service.

(d) Double feed to each circuit.

(e) All switching can be done with circuit breakers.

(3) The disadvantages include:

(a) Added cost of one half breaker for each circuit.

(b) Protection and control schemes are more
complex.

f. Double bus-double breaker scheme.

(1) The double bus-double breaker arrangement,
Figure 5-1d, consists of two main buses, both normally
energized. Between the main buses are two breakers and
one circuit. This arrangement allows for any breaker to
be removed from service without interruption to service to
its circuit. A fault on either main bus will cause no cir-
cuit outage. A breaker failure will result in the loss of
only one circuit.
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(2) The advantages of the double bus-double breaker
scheme include:

(a) Very high reliability and operational flexibility.

(b) Any breaker or either bus can be isolated without
service interruption.

(c) A bus fault does not interrupt service.

(d) There is a double feed to each circuit.

(e) All switching is done with circuit breakers.

(f) Only one circuit is lost if a breaker fails.

(3) The disadvantages include the high cost of two
breakers per circuit.

g. Recommended scheme. The breaker-and-a-half
scheme is generally recommended, as it provides flexi-
bility and a reasonably simple method of providing full
relay protection under emergency switching conditions.
The number of sections (line “bays”) needed is dependent
on the number of transmission lines and generation
sources coming into the substation. The breaker-and-a-
half scheme is normally designed and operated as a ring
bus until system requirements dictate more than six
breakers and six lines.

5-4. Bus Structures

a. Arrangements. The flat or low profile type of bus
construction with pedestal-supported rigid buses and A-
frame line towers is ordinarily the most economical where
space and topography are favorable. Congested areas
may require the use of a high, narrow steel structure and
the use of short wire bus connections between disconnect-
ing switches and the buses. Switchyard layouts should
provide adequate access for safe movement of mainte-
nance equipment and the moving of future circuit breakers
or other major items of equipment into position without
de-energizing primary buses. Clearances to energized
parts should, as a minimum, comply with ANSI C2, Sec-
tion 12. Equipment access requirements should be based
on the removal of high-voltage bushings, arresters, and
conservators and radiators from large power transformers.

b. Bus design criteria. The design of rigid bus sys-
tems is influenced by the following criteria:

(1) Electrical considerations including corona and
ampacity limitations.

(2) Structural considerations including ice and wind
loading, short-circuit forces, and seismic loads.

The spacing of bus supports should limit bus sag under
maximum loading to not greater than the diameter of the
bus, or 1/150th of the span length. IEEE 605 provides
further information on substation electrical, mechanical,
and structural design considerations.

5-5. Switchyard Materials

a. General. After design drawings showing a gen-
eral layout of the switchyard and details of electrical
interconnections have been prepared, a drawing should be
made up to accompany the specifications for the purchase
of the structures. This drawing should show the size,
spacing, and location of principal members and the load-
ings imposed by electrical equipment and lines. Design
load assumptions for bus structures are described in
EM 1110-2-3001.

b. Structure materials. The following are four types
of material most commonly used for substation structures:

(1) Steel. Steel is the most commonly used material.
Its availability and good structural characteristics make it
economically attractive. Steel, however, must have ade-
quate corrosion protection such as galvanizing or painting.
Due to the maintenance associated with painting, galva-
nizing is generally preferred. Galvanized steel has an
excellent service record in environments where the pH
level is in the range of 5.4 through 9.6 (i.e., a slightly
alkaline environment). Most industrial environments are
in this pH range leading to the widespread use and excel-
lent service record of galvanized steel structures. Because
of the unbroken protective finish required, structures
should not be designed to require field welding or drilling.
Adequate information to locate mounting holes, brackets,
and other devices must be provided to the fabricator to
allow all detail work to be completed before the protec-
tive finish is applied to the steel part.

(2) Aluminum. In environments where the pH level
is below 5.4 (i.e. an acidic environment, such as condi-
tions existing in a brine mist), galvanized structures would
give poor service. In these environments, consideration
should be given to structures fabricated with aluminum
members. Aluminum structures are satisfactory at other
locations, if the installed cost is comparable to the cost of
the equivalent design using galvanized steel members.
Structures designed for aluminum are constructed of Alloy
6061-T6 and should be designed, fabricated, and erected
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in accordance with the Aluminum Association’s specifica-
tions for aluminum structures.

(3) Concrete. Pre-cast, pre-stressed concrete struc-
tures may be economical in some applications such as
pull-off poles and switch structures. Care should be taken
to avoid the use of detrimental additives, such as calcium
chloride, to the concrete used in the structures. Due to
the larger structural sizes and weights involved, special
equipment may be required for concrete erection.

(4) Wood. Wood pole and timber structures may be
economical for temporary structures or simple switch
structures. Wood members must be treated with an
appropriate preservative. Structural properties and size
tolerances of wood are variable and must be considered
during the design process.

c. Bus materials. The materials most commonly used
for rigid and wire bus are aluminum and copper. Rigid
bus fittings should be limited to bolted connections for
copper, and welded connections on aluminum. Bus fit-
tings for aluminum wire should be compression type.
Either bolted or compression fittings are acceptable for
use with copper wire bus.

5-6. Transformer Leads

a. High-voltage terminal connections. The connec-
tions between the high-voltage terminals of the trans-
former and the disconnect switch (or breaker) will usually
be made with bare overhead conductors when the trans-
former is located in the switchyard. However, in cases
where the transformer is in line with the axis of the dis-
connect, the connection between the disconnect terminals
and the high-voltage bushing terminals can be made with
suitably supported and formed rigid bus of the same type
used in the rest of the switchyard. The fittings and inter-
connection systems between the high-voltage bus and the
disconnect switches should be designed to accommodate
conditions of frequent load cycling and minimal
maintenance.

b. Overhead conductors. Bare overhead conductors
from the transmission line termination to the high-voltage
bushings can occasionally be used when the transformers
are installed at the powerhouse, and overhead lines to the
switchyard are used. An example of this would be when
the transmission line is dead-ended to the face of the dam,
and the transformer is located at the base of the dam near
its face, and behind the powerhouse. However, locating
the transformers at the powerhouse usually requires the
use of high-voltage bus to the line termination when the

line is terminated on a dead-end structure near the
transformer.

c. Test terminals. To provide a safe and accurate
method of transformer dielectric testing, accommodations
should be made for easily isolating transformer bushings
from the bus work. Double test terminals should be pro-
vided on transformer high-voltage and neutral bushings in
accordance with Corps of Engineers practice. The design
should provide adequate clearance from energized lines
for personnel conducting the tests.

5-7. Powerhouse - Switchyard Power Control and
Signal Leads

a. Cable tunnel.

(1) A tunnel for power and control cables should be
provided between the powerhouse and switchyard when-
ever practical. Use of a tunnel provides ready access to
the cables, provides for easy maintenance and expansion,
and offers the easiest access for inspection. This tunnel
should extend practically the full length of the switchyard
for access to all of the switchyard equipment.

(2) The control and data (non-signal) cables should
be carried in trays in the tunnel, and continued in steel
conduits from the trays to circuit breakers and other con-
trolled equipment so as to eliminate the need for man-
holes and handholes. If there is a control house in the
switchyard, it should be situated over the tunnel. The
tunnel should be lighted and ventilated and provided with
suitable drains, or sumps and pumps.

(3) If the generator leads, transformer leads, or sta-
tion service feeders are located in the tunnel, the amount
of heat dissipated should be calculated and taken into
consideration in providing tunnel ventilation. The power
cables should be carefully segregated from the control and
data acquisition cables to prevent electromagnetic interfer-
ence, and to protect the other cables from damage result-
ing from power cable faults. If the tunnel lies below a
possible high-water elevation, it should be designed to
withstand uplift pressures.

(4) Signal cables should be physically separated
from power and control circuits. If practical, the signal
cable should be placed in cable trays separate from those
used for either control or power cables. In no case should
signal cables be run in conduit with either control or
power cables. The physical separation is intended to
reduce the coupling of electromagnetic interference into
the signal cable from pulses in the (usually unshielded)
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control cables, or power system frequency energy from
power cables. Even though the signal cable will be
shielded, commercially available shielding does not pro-
vide 100 percent coverage or perfect shielding, and the
separation is needed to reduce electrical noise super-
imposed on the signal.

b. Duct line. For small installations having a limited
amount of transforming and switching equipment, it may
be desirable and economical to use duct lines instead of a
cable tunnel for control and power cables. The duct
system should use concrete encased nonmetallic conduit,
and manholes or handholes of adequate number and size
should be provided. Separate ducts for the power cables
and the control and data acquisition cables should be
provided. At least 30 percent spare duct capacity should
be provided for power cables, and 50 percent spare capac-
ity provided for control and data acquisition cables. The
manholes should be designed to drain unless costs are
prohibitive.

c. High-voltage bus.

(1) General. There are three categories of high-volt-
age connection systems that find application in hydroelec-
tric installations requiring high-voltage interconnection
between the power plant and the switchyard or utility grid
interconnection. These are as follows:

(a) Oil or SF6 gas-insulated cable with paper-insulated
conductors. Cables commonly used for circuits above
69 kV consist of paper-insulated conductors pulled into a
welded steel pipeline, which is filled with insulating oil or
inert gas. The oil or gas in the pipe type construction is
usually kept under about 200 psi pressure. These cables
can safely be installed in the same tunnel between the
powerhouse and the switchyard that is used for control
cables.

(b) Solid dielectric-insulated cable. Solid dielectric-
insulated cables are also available for systems above
69 kV. Their use may be considered, but careful evalua-
tion of their reliability and performance record should be
made. They offer advantages of ease of installation,
elimination of oil or gas system maintenance, and lower
cost. Their electrical characteristics should be considered
in fault studies and stability studies.

(c) SF6 gas-insulated bus. An example of a typical
installation is an underground power plant with a unit
switching scheme and the GSU transformer located under-
ground in the plant. A high-voltage interconnection is

required through a cable shaft or tunnel to an above-
ground on-site switchyard.

(2) Direct burial. While insulated cable of the type
described can be directly buried, the practice is not rec-
ommended for hydroelectric plants because the incremen-
tal cost of a tunnel normally provided for control circuits
and pipelines is moderate. In case of oil leaks or cable
failure, the accessibility of the cable pipes in the tunnel
will speed repairs and could avoid considerable loss in
revenue. Space for the location of cable terminal equip-
ment should be carefully planned.

(3) Burial trench. If the power cables from the
powerhouse to the switchyard must be buried directly in
the earth, the burial trench must be in accordance with
safety requirements, provide a firm, conforming base to
lay the cable on, and provide protection over the cable.
The cable must have an overall shield, which must be
well-grounded, to protect, so far as possible, people who
might accidently penetrate the cable while digging in the
burial area.

(4) SF6 gas-insulated systems. SF6 gas-insulated
systems offer the possibility of insulated bus and complete
high-voltage switchyard systems in a compact space.
Gas-insulated substation systems should be considered for
underground power plant installations or any situation
requiring a substation system in an extremely confined
space. The design should accommodate the need for
disassembly of each part of the system for maintenance or
repair. The designer should also consider that the gas is
inert, and in a confined space will displace oxygen and
cause suffocation. After exposure to arcing, SF6 gas
contains hazardous byproducts and special precautions are
needed for evacuating the gas and making the equipment
safe for normal maintenance work. SF6 gas pressure
varies with temperature and will condense at low ambient
temperatures. When SF6 equipment is exposed to low
temperatures, heating must be provided. The manufac-
turer’s recommendations must be followed. IEEE
C37.123 provides guidance on application criteria for gas
insulated substation systems.

5-8. Circuit Breakers

a. Interrupting capacity. The required interrupting
rating of the circuit breakers is determined by short-circuit
fault studies. (See Chapter 2.) In conducting the studies,
conservative allowances should be made to accommodate
ultimate system growth. If information of system capac-
ity and characteristics is lacking, an infinite bus at the end
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of the transmission interconnection can be assumed.
Using an infinite bus will result in conservative values of
fault kVA to be interrupted, and will probably not unduly
influence the final result. ANSI C37.06 provides perfor-
mance parameters of standard high-voltage breakers.

b. Design considerations.

(1) Breakers for 69kV and above generally are SF6

gas-insulated, with the dead tank design preferred for
seismic considerations. The details of the relaying will
determine the number of CTs required, but two CTs per
pole should generally be the minimum. Three CTs may
be required for the more complex switching arrangements,
such as the breaker-and-a-half scheme.

(2) At 230 kV and above, two trip coils are preferred.
The integrity of the tripping circuit(s) should be moni-
tored and if remotely controlled, the status should be
telemetered to the control point. The gas system of SF6

breakers should be monitored since loss of SF6 gas or low
gas pressure blocks breaker operation.

(3) Breaker auxiliary “a” and “b” switch contacts are
used extensively to initiate and block the operation of
backup relaying schemes. As breakers are added, and
protection added to cover new system contingencies, the
protective relay schemes become more complex. To
accommodate these situations, breakers should be pur-
chased with at least eight “a” and eight “b” spare auxil-
iary contacts.

(4) Layout of the substation should consider access
required for maintenance equipment, as well as horizontal
and vertical electrical clearance for the switches in all
normal operating positions.

(5) Specifications prepared for outdoor applications of
SF6 power circuit breakers should provide the expected
ambient operating temperature ranges so the breaker man-
ufacturer can provide adequate heating to ensure proper
operation of the breaker through the ambient operating
range. Minimum standard operating ambient for SF6

equipment is -30 °C (IEEE Standard C37.122).

5-9. Disconnect Switches

a. Disconnect operators. Manual or motor-operated
gang-operated disconnect switches should be provided for
isolating all circuit breakers. For operating voltages of
230 kV or greater, or for remotely operated disconnects,
the disconnects should be motor operated. In some cases,
depending on the switching scheme and substation layout,

one or both of the buses will be sectionalized by discon-
nects. The sectionalizing disconnect switches may be
either manual or motor-operated, depending on their volt-
age rating and the requirements of station design. The
manual operating mechanism for heavy, high-voltage
disconnects should preferably be of the worm gear, crank-
operated type.

b. Remotely operated disconnects. Remotely oper-
ated disconnect switches should be installed only as line
or breaker disconnects. Use of a remotely operated dis-
connect switch to serve as generator disconnect is strongly
discouraged. Operation of generator disconnects should
require visual verification (through operator presence) of
the open position and a lockable open position to prevent
the possibility of misoperation or misindication by recon-
necting an out-of-service generator to an energized line.

c. Disconnect features. All disconnect switches
should be equipped with arcing horns. The disconnect
switch on the line side of the line circuit breakers should
be equipped with grounding blades and mechanically
interlocked operating gear. At 230kV and above, line
and generator disconnect switches should be of the rotat-
ing insulator, vertical break type, with medium- or high-
pressure contacts. Circuit breaker isolation switches may
be either a two-insulator “V” or a side break type. Both
the contacts and the blade hinge mechanism should be
designed and tested to operate satisfactorily under severe
ice conditions. At 345kV and 500kV, vertical break
disconnects are preferred since they allow for reduced
phase spacing and installation of surge suppression resis-
tors. Each switch pole should have a separate motor
operator.

5-10. Surge Arresters

a. Preferred arrester types. Surge arresters should
be of the station type (preferably a metal oxide type) that
provides the greatest protective margins to generating
station equipment.

b. Arrester location. Arresters should be located
immediately adjacent to the transformers, if the connec-
tion between the transformers and switching equipment is
made by overhead lines. If high-voltage cable is used for
this connection, the arresters should be placed both near
the switchyard terminals of the cable and adjacent to the
transformer terminals. Arrester connections should be
designed to accommodate removal of the arrester without
removing the main bus connection to the high-voltage
bushing. Location of arresters should be in accordance
with IEEE C62.2.
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c. Arrester protection. In all cases, enough space
should be allowed between arresters and other equipment
to prevent damage if the arresters should fail. If arresters
are located where they form a hazard to operating person-
nel, they should be suitably enclosed. This can generally
be accomplished with a woven wire fence provided with a
lockable gate. The design of the enclosure should con-
sider the clearance requirements for the switchyard operat-
ing voltage.

d. Arrester voltage rating. The voltage rating of the
arresters should be selected to provide a reasonable mar-
gin between the breakdown voltage of the arrester and the
basic impulse insulation level (BIL) of the equipment
protected. The rating, in the majority of cases, should be
the lowest satisfactory voltage for the system to which the
arresters are connected.

e. Grounded-neutral arresters.

(1) In applying grounded-neutral rated arresters, the
designer should consider whether, under all conditions of
operation, the system characteristics will permit their use.
Grounded-neutral arresters should not be used unless one
of the following conditions will exist:

(a) The system neutral will be connected to the sys-
tem ground through a copper grounding conductor of
adequate size (solidly grounded) at every source of supply
of short-circuit current.

(b) The system neutral is solidly grounded or is
grounded through reactors at a sufficient number of the
sources of supply of short-circuit current so the ratio of
the fundamental-frequency zero-sequence reactance, Xo, to
the positive sequence reactance, X1, as viewed from the
point of fault, lies between values of 0 and 3.0 for a
ground fault to any location in the system, and for any
condition of operation. The ratio of the zero-sequence
resistance, Ro, to the positive sequence reactance, X1, as
viewed from the ground fault at any location, should be
less than 1.0. The arrester should have suitable character-
istics so that it will not discharge during voltage rises
caused by switching surges or fault conditions.

(2) Consideration should be given to the protection
of transmission line equipment that may be located
between the arresters and the incoming transmission line
entrance to the substation. In cases where the amount of
equipment is extensive or the distance is substantial, it
will probably be desirable to provide additional protection
on the incoming transmission line, such as spark gaps or
arresters.

(3) If the station transformers are constructed with
the high-voltage neutral connection terminated on an
external (H0) bushing, a surge arrester should be applied
to the bushing.
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